In recent years, the development of advanced driver assistance systems (ADAS) -mainly based on lidar and cameras -has considerably improved the safety of driving in urban environments. These systems provide warning signals for the driver in the case that any unexpected traffic circumstance is detected. The next step is to develop systems capable not only of warning the driver but also of taking over control of the car to avoid a potential collision. In the present communication, a system capable of autonomously avoiding collisions in traffic jam situations is presented. First, a perception system was developed for urban situations-in which not only vehicles have to be considered, but also pedestrians and other non-motor-vehicles (NMV). It comprises a differential global positioning system (DGPS) and wireless communication for vehicle detection, and an ultrasound sensor for NMV detection. Then, the vehicle's actuatorsbrake and throttle pedals -were modified to permit autonomous control. Finally, a fuzzy logic controller was implemented capable of analyzing the information provided by the perception system and of sending control commands to the vehicle's actuators so as to avoid accidents. The feasibility of the integrated system was tested by mounting it in a commercial vehicle, with the results being encouraging.
Introduction
Safety plays a key role in the automotive sector [1 ] . For this reason, a considerable number of driver assistance systems have been installed in commercial cars in this last decade. The aim of these systems is to control the car's actuators through sensor systems to prevent or mitigate collisions. For example, radar [2] , vision-based [3] , and differential global positioning system (DGPS) [4] technologies have been used to detect any leading vehicle so as to perform adaptive cruise control (ACC)-a now well-proven technique consisting of speed control to maintain a pre-defined time gap with a leading vehicle. Likewise; these technologies have been used for pre-crash systems development. These systems are able to detect imminent collisions, warning the driver and preparing both vehicle and passengers for crash [5] . These commercial systems are extensively used in motorway driving, and are designed for speeds greater than 30 km/h. The next step is to obtain systems capable of working at lower speeds. Indeed, 90% of urban crashes occur at speeds less than 25 km/h due to the driver's attention being distracted [6] . At these low speeds, most road accident victims are not the motor vehicle's occupants, but pedestrians, motorcyclists, cyclists, and non-motor-vehicle (NMV) occupants [7] . The main The third and last stage is electro-mechanical, responsible for converting the output generated by the fuzzy controllers into voltages that can then be sent to the actuators-the throttle and brake pedals. The actuator automation will be described in Section 6.
In the actual implementation, an on-board control unit (OCU) is located in the car's boot. It is in charge of collecting the information from the sensor systems. Specifically, an RS-232 connection is used for both the DGPS and the IMU positioning systems. A peripheral component interconnect (PCI) card is used to connect the PCMCIA Proxim Wireless ComboCard so as to acquire the information coming from other cars. With respect to the CAN bus, another PCMCIA CAN card is installed in the OCU. Finally, the information coming from the ultrasound sensor via the PCMCIA is received on a laptop computer which is responsible for processing the data received and sending the calculated distance to the OCU via an Ethernet connection. In this way, the integration of additional sensorial systems -cameras or lidars -can be easily carried out using Ethernet connections to send the relevant information to the OCU. Fig. lisa schematic diagram of the complete system.
In-car sensors for leading vehicle detection
Vehicular ad hoc networking will play a key role for future safety applications in road vehicles [19] . In this connection, we propose a V2V communication improvement to apply to ACC systems in order to provide a backup substitute when radar failures occur, together with a specific system to permit throttle and brake control when a preceding car is detected.
Using V2V, a vehicle can detect the position and movement of other vehicles up to 200 m away. Via accurate DGPS/IMU fusion and the data received through the CAN bus, the vehicle's position and speed can be communicated to other cars in the surrounding area so that they will also know its location, even when it is in a blind spot, halted ahead on the road but hidden from view, around a blind corner, or blocked by other vehicles. The vehicles can anticipate and react to changing driving situations and then warn the driver through visual or sound signals when situations of danger are detected. The system we are describing goes one step further and acts on the vehicle, controlling throttle and brake, even stopping it if necessary.
Systems based on visible light or radar technology can be replaced by a communication system with a better and significantly less costly way of sensing other vehicles around the car while it is being driven. In the present study, we used V2V communication data to provide the information needed to perform an autonomous ACC with NMV detection. To this end, a frame comprising three fields has been defined to exchange data among vehicles-leading and trailing. Two of the fields are the Universal Transverse Mercator (UTM) coordinates -North and East -in metres, and the other is the speed in kilometres per hour. This information is sent each control cycle. The control stage assesses these values in each control cycle, and, in the case that a traffic situation involving an NMV is detected, generates the output to the actuators in order to keep both the vehicle's occupants and the NMV safe. The V2V communication system has been extensively tested in many trials in the CAR facilities. During these trials, the unique communication failure detected was a loss of signal during one control cycle. This was reflected in two identical consecutive values of the variables. Our control system is able to cope with such a situation by deactivating the automatic systems that depend on communication if two or more consecutive failures are detected. A detailed theoretical study of the wireless communication system's behaviour and the probability of failures are found in [20] . A summary of the probability of failures in function of the number of vehicles can be found in Table 1 . One can appreciate how the probability of failure is low even for 100 vehicles in the surrounding area.
In-car sensors for NMV detection
Ultrasound sensors are currently used in parking aid systems for detection ranges of about 1 m. The present proposed application uses them to detect NMVs in the road at a range of some 10 m. This enables actuating the braking system to avoid a collision, or at least to reduce its severity. At these ranges, the factor that most affects ultrasound propagation is the turbulence caused by wind and vehicle movement.
For this application, we chose a 43 kHz long-range, narrow-beam, Hexamite ultrasound sensor, acting as transmitterreceiver. The beam width is 8.5° at -3 dB. It is shown together with its signal conditioner in Fig. 2 . The conditioner's mission is to excite the sensor with a pulse train, and then filter and amplify the received signal. Fig. 3 illustrates the sensitivity of the sensor when excited with a train of 50 pulses of 20 volts peak-to-peak, with a flat circular object of 26 cm radius placed at a distance of 90 cm, together with the beam width. Fig. 4 shows the sensitivity, impedance, and phase angle as functions of frequency. The characteristic values at 43 kHz are about -54 dB, 700 ohm, and -20°, respectively.
For the proposed application, the ultrasound sensor is connected to a computer through its signal conditioner and a data acquisition card. Through this latter, the computer applies a train of 60 pulses at a frequency of 43 kHz to the ultrasound sensor, and then the received signal is digitized by the acquisition card and stored in memory for further processing. This processing is performed by software and consists of the following steps:
1. Reducing noise via a band-pass second-order Butterworth filter with lower and upper cut-off frequencies of 42 and 44 kHz, respectively. The filtered signal y is obtained from the sampled ultrasound signal x according to the following expression: y n = 0.00104438x n -0.00208876x n _ 2 + 0.00104438x"_ 4 +0.57951312y n _ 1 -1.99053196y"_ 2 +0.55302075y n _ 3 -0.91070675y n _ 4
2. Obtaining the envelope of the filtered signal y via the Hubert transform, as is standard in signal processing. The Hubert transform y of an amplitude modulated sinusoidal signal y is an identical signal but 90° out of phase. Using the two, one creates an analytic signal y a (f) = y(t)+i'y = a(t) 1^ whose magnitude a(t) is the envelope of the original signal. 3. Getting the third power a a (f) = a 3 (f) of the envelope obtained in the previous step. This selectively amplifies those parts of the signal with greatest amplitude, thus improving the discrimination between the signal and the noise still present, 
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ultrasound pulse from the transmitter to the obstacles in the path, and is given by the expression d = c s t/2, where t is the time-of-flight and c s is the speed of sound. The mathematical expression used for this gain is g(d) = exp(0.8d) or equivalently g(f) = exp(0.4c s t). After each step, the signal is normalized by dividing each sample by the maximum value of the signal.
Signal acquisition and processing can be performed with a conventional computer at a rate of about 10 Hz, so that the system is able to react much more quickly than a human driver would. Fig. 5 shows the result of the different processing steps.
In the figure, echoes can be seen that are produced by a vehicle located about 7.5 m in front of the sensor, and a pedestrian at about 4.75 m. To determine the time of arrival of the echoes, the signal is compared with a reference level of 2 x 10~4, experimentally adjusted to minimize the number of detection errors. The elapsed time between the sensor trigger and the arrival of an echo is known as the "time of flight". One observes that, despite being farther away, the vehicle produces a larger echo than an NMV due to its greater reflecting surface and reflectivity.
The distance to the nearest object is obtained by multiplying the time of flight of the first detected echo by the speed of sound in air (about 344 m/s at 20 °C), and dividing by two to take into account that the signal has travelled from sensor to object and back.
The main problems encountered are false detections when there are no obstacles on the road, which would activate the brake unnecessarily, and non-detection of obstacles that really exist, which could allow a collision. These detection errors are mainly caused by turbulence due to wind and vehicle movement, vibration, and irregularities in the road, and are more frequent the greater the detection distance. If these problems occur in only a small fraction of detections, their effect on braking is almost imperceptible for vehicle's passengers because of their short duration, i.e., the vehicle dynamics is not modified for isolated failures in detection. Only when there is a major fraction of such failures or a number of consecutive failures occur will their effect have the potential to harm the system's performance.
To check the reliability of the system, several experiments were performed, limiting the measuring distance to 11 m in the sense that a measured distance of 11 m means that no object has been detected.
In the first experiment, 100 measurements were made with the sensor motionless and no obstacles in front. Fig. 6 shows the results. As can be seen, only one false echo was detected.
In the second experiment, the sensor was placed on a vehicle moving towards and away from another parked vehicle, and the distance was again measured 100 times. Fig. 7 shows the results. One can appreciate one failure during the experiment. Ultrasound errors in outdoor environments have been studied in previous work [21, 22] . In brief, two main drawbacks are responsible for ultrasound failures:
1. A velocity gradient is established that causes the refraction of acoustic signals that propagate upwind or downwind. For propagation distances of a few metres -as in our case -this effect is not very important, and only causes a small additional attenuation of the received signal. 2. Presence of turbulence: vortices associated with turbulences act as scattering centres of acoustic energy, and their randomness makes this phenomenon particularly difficult to compensate. To analyze the influence of wind speed on the ultrasonic system, a third experiment has been conducted in which a pedestrian has been placed at different distances from the transmitter -2.5, 5.0, 7.5 and 10 m-with wind speeds from 5 to 35 km/h in 5 km/h intervals. Taking into account DGPS errors -50 cm per car, measurements with an error lower than 10% are considered correct -same range of tolerance than DGPS. Experimental results are shown in Table 2 . One can appreciate how the obtained results are good enough for the goal of detecting pedestrians and measuring the distance at which they are.
Remark that although the trailing vehicle motion may generate turbulences at the rear, its effect on the ultrasonic wave is insignificant with respect to wind gusts considered in the experiment.
The fourth experiment consisted of 100 measurements of the distance between the sensor and an NMV -in this case a pedestrian -in front, both motionless, and repeating the experiment for various distances between 2 and 10 m. The same experiment was subsequently performed with a vehicle replacing the pedestrian. Fig. 8 shows the results. One observes how the scatter of the data increases with distance due to the increasing influence of the wind.
For each set of 100 measurements, the median value (taken to be the actual measured distance), the standard deviation, and the number of measurements that differed from the median by more than 10% (considered as incorrect measures) were calculated. Moreover, the mean and maximum relative difference of the whole set of measures with respect to the reference value are also computed to have an indicator of the measurement variability. The results are given in Table 3 . One observes that, in detecting the vehicle, there were zero errors for all distances, i.e., 100% correct detection was attained (although the standard deviation increased with distance). For the case of the pedestrian, however, the number of detection failures increased steadily with distance, reaching a 13% failure rate at 10 m. The failure rate considering all the measurements was 6.8% (61 failures in 900 measurements). There were no false detections with the fixed reference level applied-these would be expected if the reference level were reduced or the intensity of the turbulences increased.
One can conclude that the system is useful for the detection of pedestrians and other obstacles on the road, since the probability of two consecutive detection failures is very low, and because the short time interval between measurements means that the effect of any failure is filtered out by the dynamics of the vehicle.
Note that the system is not designed to distinguish between different kinds of NMV -pedestrian, cyclist, and so onbut to distinguish between vehicles and NMV thanks to the comparison with the distance measured by the wireless communication system. Pedestrians were selected as the example type of NMV because they are the hardest to detect.
Table 2
Percentage of correct distance measurements as function of distance and wind speed. 
Control system
In this section, we shall describe the control algorithm used in the operation of the ACC+NMV detection system. In spite of the highly nonlinear behaviour of a vehicle, a human learns to drive it on the basis of experience. We use this intuitive human experience as expert knowledge in order to design a fuzzy controller capable of carrying out the vehicle's speed control taking into account both the leading vehicle and any intervening NMV. Fig. 9 represents a typical risk situation in urban traffic. We here consider three congested lanes with vehicles driving in the same direction, as occurs in large cities. In this traffic situation, an NMV overtakes other vehicles, with frequent lane changes, thus increasing the risk of collision. Given these premises, our control has to satisfy the following requirements:
• Maintain the distance with the preceding car. This is done with positioning data of the preceding car obtained using the wireless communications systems (d GPS ).
• Identify any object that may appear between the two cars, and act to avoid a collision. This is done with data obtained from the ultrasound sensor (dy).
Three variables are considered to perform the control. The first is the inter-vehicle distance error, which is the difference between the target reference distance, set at 7 m, and the actual distance obtained via wireless communication (d GPS ). The second is the difference in distance (ultrasound error ) between the values obtained via wireless communications and via ultrasound so as to determine when any NMV is detected, and is defined as
Finally, the vehicle's speed is taken into account in order to decide whether to increase or decrease actions on the pedals. The greater the speed, the greater the control action. The fuzzy controller developed will be responsible for managing the brake and throttle pedals -i.e., the longitudinal control -in order to modify the autonomous vehicle's speed. AUTOPIA program has previously developed an experimental fuzzy system [23] , which is an inference motor with a straight-forward natural-language-based input language. It works with Mamdani's inference method, with singleton-type membership functions to codify the output variables. Fig. 10 shows the membership function definitions for each of these three input variables. For the variable Velocity, there are three membership function definitions -Low, Medium, and High -thus assigning the vehicle's speed in traffic jams to one of three categories. Backward driving is not considered so values lower than 0 km/h are not allowed. The Distance Error variable also has three membership functions. 'Negative' and 'Positive' membership functions to reflect in Table 5 Rule base for ultrasound error equal to risk. general terms the need to increase or decrease the distance, respectively; and a central membership function with trapezoidal shape. The reason is to consider measurement errors on the part of DGPS and ultrasound. In this way, a softer action over vehicle's actuators is achieved while keeping safe. Finally, the Ultrasound Error variable, that represents the difference between the actual distance via wireless communication and via ultrasound sensor, has two membership functions reflecting the possible risk situation involving an NMV detection. As output, a normalized action on the throttle and brake pedals is defined. This is done through the variable Pedal, defined between [-1, 1], where -1 indicates maximum action applied to the brake and 1 indicates maximum action applied to the accelerator pedal. Tables 4 and 5 present the rule base generated.
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In brief, the control system works as follows: When a vehicle equipped with the system described is on the road, only other vehicles and NMVs can be detected. Taking this into account, V2V communication is used to detect vehicles in the vicinity. If the value of the distance obtained via ultrasound is different from that obtained from the GPS, one may assume that an NMV has appeared between the two cars. The rule base generated takes these cases into account so as to act on the brake or the throttle according to the values given by the perception stage.
Automation of the actuators
A convertible Citroen C3 Pluriel (see Fig. 11 ) was used to test the driving aid system that has been presented above. In equipping the car with an automatic driving aid system, the actuators needed to be modified to permit their automatic control. This section describes the hardware modifications made to the brake and throttle pedals.
Throttle
The throttle is controlled using a PCMCIA analogue card. The Citroen control unit receives an analogue signal whose value is modified according to the pressure applied on the throttle pedal. An acquisition data card is used to generate the maximum and minimum voltage values to apply to the throttle pedal. A switch was installed in order to choose between the signal generated by the throttle pedal or by the PCMCIA analogue card, so that either the original system or the computer controlled system can act on the vehicle.
Brake
Since the brake pedal is critical, a brake-by-wire system capable of co-existing with it was developed. To this end, an electro-hydraulic braking system was installed in the vehicle. This system is connected to the hydraulic brake circuit of the car before the anti-lock brake system (ABS) using shuttle valves. The OCU is capable of controlling this actuator via a CAN device that generates two signals: an analogue signal that regulates the pressure value and a digital signal to logically activate it [24] . The reaction time on the part of the electro-hydraulic braking system is equal to 30 ms in the first control cycle -because a spool directional valve -and lower than 10 ms in the next control cycles -because a electro-proportional pilot. Maximum deceleration are higher than 10 m/s 2 but it was limited to increase passenger's comfort.
In-circuit results
Numerous experiments were performed to check the behaviour of the control system. To this end, CAR's private driving circuit was used to validate the system in a real traffic environment. Two vehicles (see Fig. 11 ), one of them the convertible Citroen C3 Pluriel and the other a Citroen C3, were used in this phase. Fig. 12 illustrates the behaviour of the ACC + NMV-detection fuzzy controller emulating a traffic jam in an urban environment-speeds less than 15 km/h. The top plot shows the speeds of the two cars, the grey curve representing the leading vehicle, and the black curve the trailing one. The next to top plot depicts the trailing car's acceleration -solid grey line -and jerk -solid black line -to evaluate the comfort of the control. The next to bottom plot shows the distance separating the two cars as measured using the DPGS (black curve) and the ultrasound sensor measurements (grey curve). The bottom plot depicts the normalized fuzzy output that will act on the brake and throttle pedals.
At the beginning, both vehicles are motionless, with a separation equal to 4 m. During these first 5 s, one can appreciate small errors -less than 0.5 m -in the ultrasound distance measurements with respect to the DGPS measured distance. Then the leading vehicle starts and the trailing one attempts to follow it. Given the low speeds, minimal actions on the throttle or brake -less than 30% -cause considerable changes in the distance between vehicles. The gap fluctuates around 7 m. At about 25 s, a significant change in the inter-distance obtained via the ultrasound sensor is registered. The control system detects an NMV between the two vehicles, and stops the autonomous car. The trailing vehicle's speed becomes zero when the distance to the NMV is slightly more than 2 m.
Once the NMV collision has been avoided, the trailing vehicle continues on its way. One observes in the figure that, at this moment, the distance obtained via the ultrasound sensor is equal to 10 m-the maximum range of the ultrasound sensor. While ultrasound measurements are not available, it means that NMV has not been detected and the distance with the leading vehicle is out of range for the ultrasound sensor. In these cases, the value of the distance measures by the ultrasound is set to the distance measures by the DGPS. So the value of the Ultrasound Error variable is zero until either gap distance is lower than 10 m or a NMV appears in the vehicle's trajectory. When the separation between the two vehicles is again less than 10 m, the ultrasound sensor measurements are computed anew. At around 45 s, another NMV is detected, again stopping the car. With respect to the comfort of the trailing vehicle's occupants, one observes that the acceleration is less than 2 m/s 2 -the maximum acceleration for comfort is typically fixed at this value [25] -throughout the experiment. A deceleration slightly greater than 2 m/s 2 in value occurs when the first NMV is detected for extra safety. This behaviour is reflected in the jerk measurements. More experiments of this type were conducted, also illustrating the good behaviour of the designed controller.
Conclusions and next steps
Traffic accidents in urban environments constitute a major problem for governments. This paper has presented a solution for traffic jam situations in which NMVs are walking or being driven in and out of the lines of motor vehicles. The system consists of combining DGPS with wireless communication to control the gaps between vehicles, and using an ultrasound sensor for NMV detection. Experiments with real cars gave encouraging results. They demonstrated that environment perception using sensor systems and a controller capable of managing the vehicle's actuators can considerably reduce urban accidents, whether vehicle-vehicle or vehicle-NMV.
The results are therefore promising, but there are still several issues to be investigated. In particular, neither curved stretches of road have been considered for the NMV detection, nor tunnels for vehicle-vehicle following.
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